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Abstract

Vapor pressure and heats of vaporization are computed for the industrial fluid properties simulation challenge (IFPSC) data set using the
Towhee Monte Carlo molecular simulation program. Results are presented for the CHARMM27 and OPLS-aa force fields. Once again, the
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verage result using multiple force fields is a better predictor of the experimental value than either individual force field.
2005 Published by Elsevier B.V.
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. Introduction

Our plan was to reproduce an industrial approach to solv-
ng the contest problem by taking only 6 weeks to work
n the contest using publicly available software and force
elds. We predicted the vapor pressures and heats of vapor-
zation without knowledge of the experimental results. Here,
e include the simulation results submitted for judging in the
ontest, along with commentary about the pitfalls encoun-
ered during our effort and a discussion of the approach we
ould suggest for another researcher attempting to com-
ute vapor pressures and heats of vaporization under sim-

lar time constraints. It is hoped that this paper enables
ndustrial researchers to assess the effort required to com-
ute these quantities and provides a feeling for the accu-
acy one should expect from “quick and dirty” molecular
imulations.

∗ Corresponding author. Tel.: +1 505 284 6355; fax: +1 505 845 7442.
E-mail address: marmart@sandia.gov (M.G. Martin).

2. Method

The vapor pressures and heats of vaporization for ac
and butyramide were computed using the MCCCS Tow
simulation package[1]. All simulations were performed
the canonical variant of the Gibbs ensemble[2] at the tem
peratures specified in the contest information. Simula
were equilibrated for at least 20,000 Monte Carlo cycles
cycle isN moves whereN is the number of molecules in t
system), and results are reported for simulations of 10
cycles. Standard deviations are computed by breakin
simulations into five blocks. Simulations were perform
using 120 acetone molecules or 80 butyramide molec
A butyramide simulation of 10,000 cycles takes roughly
on a single Pentium III 1.4 GHz processor.

The Monte Carlo moves consisted of volume chan
coupled-decoupled configurational bias (CDCB) regrow
CDCB molecule transfers between the boxes, rotational
molecule transfers between the boxes, aggregation vo
bias move type 1[3] translation of the center-of-mass, a
rotation about the center-of-mass. The CDCB algorithm
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in this work is based on previous work[4,5], but modified to
generate trials for the bond lengths and bending angles from
a Gaussian distribution centered on the equilibrium value
and with a specified standard deviation. This bias was then
removed in the acceptance rules. This new method requires
an order of magnitude fewer trial sites to achieve the same
acceptance rates as the standard method and provides a factor
of two speedup in overall simulation time.

The CHARMM27[6] and OPLS-aa[7] force fields were
utilized in this study. The OPLS literature contained all of
the parameters needed to simulate acetone and butyramide.
However, CHARMM27 was lacking the CT3–CC–CT3 angle
parameter for the three carbon atoms in acetone. After con-
sulting with the experts on the charmm.org web site[8], we
took the parameters for this angle from the published CT3–
CT2–CT2 values. Complete details of the potentials used in
this study are shown in the Supplementary information (see
Appendix A). A 10Å cutoff with analytical tail corrections
was used to compute the Lennard–Jones interactions, while
Coulombic interactions were computed with the Ewald sum
method. Charge assignments were inferred from comparison
to similar molecules published in the literature.

The heat of vaporization (�Hvap) was computed from the
average internal energy per molecule, the average vapor pres-
sure, and the average volume per molecule. Starting with
the thermodynamic definition of enthalpy (H = U + pV ),
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to the vapor phase, and that the vapor phase follows the ideal
gas law. The heat of vaporization simplifies to

�H i
vap = Uv − Ul + RT, (2)

where R is the gas constant, andT is the temperature of
the simulation. Note, that one can further assume that the
intramolecular energies are the same in both phases, while the
intermolecular energies are zero in the vapor phase (allow-
ing this quantity to be computed without any simulation of
the vapor phase). The results using such an assumption are
discussed below.

3. Results and discussion

The simulated and experimental vapor pressures and heats
of vaporization are shown inTable 1. Note that the error bars
on the low temperature vapor pressures for butyramide are
large compared to the magnitude of the vapor pressure due
to the low number of accepted molecule transfer moves for
these cases (e.g., only 4 in 10,000 cycles for CHARMM27
at 415 K). Additionally, at these low vapor pressures there
are less than 10 molecules in the vapor box for all of the
butyramide simulations and this also contributes to the poor
statistics. We have computed the compressibility (pVv/RT )
for each of the vapor phases. If the vapor phase behaved
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T por pre
Hvap was computed in two different ways. The vapor p
ure approach uses

Hp
vap = Uv − Ul + pv × (Vv − Vl ), (1)

here the v and l subscripts refer to the vapor and li
hases,U the internal energy per molecule,p the pressure
ndV is the volume per molecule. This method is satisfy

rom a theoretical standpoint as it applies the laws of the
ynamics without any assumptions. The pressure calcu

n the vapor box is used as a matter of convenience a
bserved error bars on liquid box pressures are quite la
molecular simulation and an equilibrated Gibbs ense

imulation has the same pressure in both boxes.
The ideal gas law approach for determining�Hvap again

tarts with the definition of enthalpy, but then assumes tha
iquid phase has a negligible volume per molecule comp

able 1
apor pressures and comparison with ideal gas law

olecule T (K) CHARMM

Pressure (kPa) pVv/RT

cetone 330 717 0.98
375 26244 0.92
425 946153 0.86
460 1824288 0.56

utyramide 415 51 0.94
455 367 0.98
490 7721 1.01
520 21223 0.89

he statistical error in the last digits is shown as a subscript for the va
deally then this ratio would be 1.0. The butyramide res
or compressibility are generally quite close to the ideal v
f 1.0 regardless of temperature, while the results for ace
how a clear decrease with temperature.

�Hvap results are shown inTable 2. It is curious tha
he error bars are an order of magnitude larger for
HARMM27 force field compared with the OPLS force fie

n our original submission for the contest (the data show
able 2) the error bars for�Hvap were computed via sta
ard error propagation from the block average error
f the internal energies (vapor and liquid), the numbe
olecules in each phase (vapor and liquid), the pressure

he molar volumes (vapor and liquid). Standard error p
gation assumes that the errors are independent, whic
oor assumption for the combination of total internal en
nd number of molecules, especially for the intramolec

erms. Thus, while the intramolecular energy per molecu

Average Experimenta

sure (kPa) pVv/RT Pressure (kPa) Pressure (k

0.96 677 104.043

0.93 27930 390.310

74 0.80 98985 11846

248 0.68 1844190 222511

1.00 3.55 4.655

0.97 253 22.32

1.02 5912 67.77

1.00 14812 151.63

ssures.
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Table 2
Heat of vaporization computed using the vapor pressure (Eq.(1)) and the ideal gas law (Eq.(2))

Molecule T (K) CHARMM OPLS Average Experimental

�H
p
vap (kJ/mol) �H i

vap (kJ/mol) �H
p
vap (kJ/mol) �H i

vap (kJ/mol) �H
p
vap (kJ/mol) �H i

vap (kJ/mol) �Hvap (kJ/mol)

Acetone 330 3311 3311 343 342 336 336 29.0715

375 3023 3023 312 312 3112 3112 25.9213

425 2523 2623 262 272 2611 2711 21.44

460 2030 2230 222 241 2115 2315 17.14

Butyramide 415 4911 5011 692 692 596 596 63.016

455 6230 6330 625 625 6315 6315 59.312

490 4629 4628 617 616 5315 5315 56.212

520 4210 4210 583 583 505 505 53.42

The subscripts show the statistical error in the final digits.

Table 3
Average intermolecular and intramolecular energies (kJ/mol) per molecule for acetone at 30 K

Force field U inter U intra

Liquid Vapor �U inter
vap Liquid Vapor �U intra

vap

CHARMM −0.6 29.6 30.2 −178.07 −178.02 0.05
OPLS −18.5 12.97 31.5 −22.9 −23.2 −0.4

nearly constant, it contributes to our estimated error bars due
to the fluctuations in the number of molecules in each sim-
ulation box. The substantially larger intramolecular energies
for the CHARMM27 force field, shown inTable 3, result
in larger error estimates. We have subsequently performed
additional simulations for acetone at 330 K computing the
error bars using the block average of�Hv

vap resulting in
32.6 ± 0.4 kJ/mol for CHARMM27 and 33.5 ± 0.2 kJ/mol
for OPLS. These results agree with our original values and
have error bars that are better in line with the observed repro-
ducibility of the acetone enthalpy results.

Table 3 shows that the CHARMM27 and OPLS force
fields have very different liquid and vapor phase internal
energies for acetone despite the fact that the difference in
the vapor and liquid energies (�Uvap) is very similar. These
results illustrate that computing the heat of vaporization from
a single, liquid box simulation introduces large errors. The
intermolecular energies in the vapor box are significant con-
tributors to the internal energy, especially when the molecule
includes Coulombic interactions, and therefore cannot be
neglected.

The butyramide simulations show unusual behavior for the
heats of vaporization as they do not follow the expected trend
of decreasing monotonically with increasing temperature.
This indicates poor sampling due to the low acceptance rate
for molecule transfer moves. Strangely, for the CHARMM27
b ans-
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p using

the ideal gas law. This occurs because the internal energy
of vaporization is the dominant term in our simulations, and
also because these simulations are performed in a region of
the vapor–liquid coexistence curve where the ideal gas law
is a good approximation. However, as the compressibility
begins to deviate substantially from unity (acetone at 460 K)
the heats of vaporization become noticeably different. We
suggest using the vapor pressure method for future work as
it is formally more correct than the ideal gas approximation
and does not require more simulation effort.

4. Conclusions

With the publication of the experimental results[9], we
can assess the accuracy of these force fields for predict-
ing vapor pressure and heats of vaporization. For acetone,
CHARMM27 and OPLS gave results in good agreement with
each other, but both under-predicted the vapor pressures by
roughly 30% and over-predicted the heats of vaporization by
roughly 3 kJ/mol. In contrast, the butyramide CHARMM27
pressures are a factor of two larger than those predicted
by OPLS, yet the average result submitted for the contest
fortuitously agrees very well with the experimental data.
The heats of vaporization for CHARMM27 butyramide are
c the
n with
i int is
w s for
C the
e ment
i the
fi lds
w than
a ing
utyramide simulations the rotational-bias molecule tr
er move had a substantially higher acceptance rate
he configurational-bias molecule transfer move. It app
hat the high intramolecular energies are causing troub
he configurational-bias algorithm in this case and sugg
HARMM27 butyramide as a challenging test case for fu
ork on conformation sampling algorithms.
There is little difference between the heats of vaporiza

redicted using the vapor pressure or those predicted
learly not equilibrated sufficiently as they do not show
ear-universal trend of decreasing heat of vaporization

ncreasing temperature. In particular, the 455 K data po
ildly out of range compared with the other temperature
HARMM27. The average results agree fairly well with
xperimental data as the force fields deviate from experi

n opposite directions. As was observed in our entry for
rst IFPSC[4], the average values from multiple force fie
ere once again in better agreement with experiment
ny of the individual force fields. We are currently work



56 M.G. Martin et al. / Fluid Phase Equilibria 236 (2005) 53–57

on a larger scale study to see if this is a general trend, or just
a lucky anomaly.
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Appendix A. Supplementary information

SeeTables A.1–A.6.
The CHARMM27 force field uses the following equations

to represent the internal energy.
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Table A.2
Bond and angle atom type names and parameters for CHARMM27 acetone
and butyramide

Bond k0 k1

CC–CT2 1.522 100643.3
CC–CT3 1.522 100643.3
C–NH2 1.360 216383.1
C–O 1.230 327090.8
CT2–CT2 1.530 111965.7
CT2–CT3 1.528 111965.7
CT2–HA 1.111 155493.9
CT3–HA 1.111 162035.8
H–NH2 1.000 241544.0
Angle θ0 k1 k2 k3

CT2–CT2–CC 108.000 26167.3 0.0 0.0
CT2–CT2–CT3 115.000 29186.6 2.5610 4025.7
CT3–CC–CT3 115.000 29186.6 2.5610 4025.7
CT2–CT2–HA 110.100 13335.2 2.1790 11337.5
HA–CT2–HA 109.000 17864.2 1.8020 2717.4
CT2–CT3–HA 110.100 17411.3 2.1790 11337.5
CT3–CT2–HA 110.100 17411.3 2.1790 11337.5
CC–CT2–HA 109.500 16606.1 2.1630 15096.5
CC–CT3–HA 109.500 16606.1 2.1630 15096.5
HA–CT3–HA 108.400 17864.2 1.8020 2717.4
CC–NH2–H 120.000 25160.8 0.0 0.0
H–NH2–H 120.000 11574.0 0.0 0.0
CT2–CC–NH2 116.500 25160.8 2.4500 25160.8
CT2–CC–O 121.000 7548.2 2.4400 25160.8
CT3–CC–O 121.000 7548.2 2.4400 25160.8
NH2–CC–O 122.500 37741.2 2.3700 25160.8

Energy units are in K, distances are inÅ, and angles are in degrees.

Table A.3
Torsion atom type names and parameters for CHARMM27 acetone and
butyramide

Dihedral k1 k2 k3

HA–CT2–CC–NH2 0.0 0.0 0.0
HA–CT2–CC–O 0.0 0.0 0.0
x–CT2–CT3–x 80.5 3 0.0
x–CT2–CT2–x 25.2 6 π

x–CC–CT3–x 25.2 6 π

CT2–CC–CT2–NH2 25.2 6 π

O–CC–CT2–CT2 25.2 6 π

x–CC–NH2–x 704.5 2 π

x–CT2–CT2–x 98.1 3 0.0
Improper k0 k1

NH2: CC,H,H 2012.9 0.0
CC: CT2,NH2,O 22644.7 0.0
CC: NH2,CT2,O 22644.7 0.0

Energy units are in K, distances are inÅ, and angles are in radians.

Uimproper(φijkl) = k0[φijkl − k1]2

The OPLS force field uses the following equations to rep-
resent the internal energy.

Unonbond(rij) = 4εij

[(
σij
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−
(

σij
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)6
]

+ qiqj

rij

εij = √
εiiεjj
ij = εiiεjj

ij = 0.5(σii + σjj)

bond(rij) = k1[rij − k0]2

angle(rik, θijk) = k1[θijk − θ0]2 + k3[rik − k2]2

dihed(ril, φijkl) = k1[1 + cos(k2φijkl − k3)]

+4ε1−4
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able A.1
onbonded Towhee atom type names and parameters for CHARMM

tom Type ε σ Charge ε1−4 σ1−4

cetone
C(H3) CT3 40.257 3.671 −0.27 5.032 3.385
C( O) CC 35.225 3.564 0.55 35.225 3.564
O( C) O 60.386 3.029 −0.55 60.386 2.495
H HA 11.071 2.352 0.09 11.071 2.352

utyramide
C(H3) CT3 40.257 3.671 −0.27 5.032 3.385
C(H2) CT2 27.677 3.875 −0.18 5.032 3.385
C( O) CC 35.225 3.564 0.55 35.225 3.564
N NH2 100.643 3.296 −0.62 100.643 3.296
H(C) HA 11.071 2.352 0.09 11.071 2.352
O O 60.386 3.029 −0.55 60.386 2.495
H(N) H 23.148 0.400 0.31 23.148 0.400

nergy units are in K and distances are inÅ.
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Table A.4
Nonbonded Towhee atom type names and parameters for the OPLS force
field

Atom Type ε σ Charge

Acetone
C(H3) CT 33.212 3.500 −0.18
C( O) C k 52.838 3.750 0.47
O( C) O 105.675 2.960 −0.47
H HC∼1 15.096 2.500 0.06

Butyramide
C(H3) CT 33.212 3.500 −0.18
C(H2) CT 33.212 3.500 −0.12
C( O) C n 52.838 3.750 0.50
N N 85.547 3.250 −0.76
H(C) HC∼1 15.096 2.500 0.06
O O 105.675 2.960 −0.50
H(N) H 0.0 0.0 0.38

Energy units are in K and distances are inÅ.

Table A.5
Bond and angle Towhee atom type names and parameters for OPLS acetone
and butyramide

Bond k0 k1

C k–CT 1.522 159519.7
C n–CT 1.522 159519.7
C n–N 1.335 246576.1
C k–O 1.229 286833.5
C n–O 1.229 286833.5
CT–CT 1.529 134862.1
CT–HA 1.09 171093.6
H–N 1.010 218396.0
Angle θ0 k1

H–N–H 120.000 17612.6
C n–CT–CT 111.100 31702.6
CT–C n–N 116.600 35225.2
CT–C k–O 120.400 40257.3
CT–C n–O 120.400 40257.3
C k–CT3–HC∼1 109.500 17612.6
C n–CT3–HC∼1 109.500 17612.6
N–C n–O 122.900 40257.3
CT–C k–CT 116.000 35225.2
HC∼1–CT3–HC∼1 107.800 16606.1
CT–CT–HC∼1 110.700 18870.6
CT–CT–CT 112.700 29362.7
C n–N–H 119.800 17612.6

Energy units are in K, distances are inÅ, and angles are in degrees.

Table A.6
Torsion Towhee atom type names and parameters for OPLS acetone and
butyramide

Dihedral k1 k2 k3

C n–CT–CT–H∼1 0.0 0.0 −25.2
C n–CT–CT-CT −518.3 −78.8 79.3
CT–C k–CT–HC∼1 0.0 0.0 69.2
CT–C n–N–H 0.0 1232.9 0.0
CT–CT–C n–N 817.7 −101.1 −34.2
CT–CT–C n–O 0.0 293.4 0.0
CT–CT–CT–HC∼1 0.0 0.0 92.1
HC∼1–CT–C k–O 0.0 0.0 0.0
HC∼1–CT–C n–N 0.0 0.0 0.0
HC∼1–CT–CT–HC∼1 0.0 0.0 80.0
Improper k1 k2 k3

C n: O,CT,N 0.0 5283.8 0.0
N: C n,H,H 0.0 503.2 0.0

Energy units are in K and distances are inÅ.

σij = √
σiiσjj

Ubond(rij) = k1[rij − k0]2

Uangle(θijk) = k1[θijk − θ0]2

Udihed(ril, φijkl) = k1[1 + cos(φijkl)] + k2[1 − cos(2φijkl)]

+ k3[1 + cos(3φijkl)] + Unonbond(ril)

2

Uimproper(φijkl) = k1[1 + cos(φijkl)] + k2[1 − cos(2φijkl)]

+ k3[1 + cos(3φijkl)]
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